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DSUMMARY
Suppressors of cytokine signaling (SOCS) are impor-
tant regulators of lipopolysaccharide (LPS) and
cytokine responses but their role in macrophage
polarization is unknown. We have shown here that
myeloid-restricted Socs3 deletion (Socs3Lyz2cre) re-
sulted in resistance to LPS-induced endotoxic
shock, whereas Socs2/ mice were highly suscep-
tible. We observed striking bias toward M2-like
macrophages in Socs3Lyz2cre mice, whereas the
M1-like population was enriched in Socs2/ mice.
Adoptive transfer experiments showed that re-
sponses to endotoxic shock and polymicrobial
sepsis were transferable and macrophage depen-
dent. Critically, this dichotomous response was
associated with enhanced regulatory T (Treg) cell
recruitment by Socs3Lyz2cre cells, whereas Treg cell
recruitment was absent in the presence of Socs2/
macrophages. In addition, altered polarization coin-
cided with enhanced interferon-gamma (IFN-g)-
induced signal transducer and activator of transcrip-
tion-1 (STAT1) activation in Socs2/ macrophages
and enhanced interleukin-4 (IL-4) plus IL-13-induced
STAT6 phosphorylation in Socs3Lyz2cre macro-
phages. SOCS, therefore, are essential controllers
of macrophage polarization, regulating inflammatory
responses.
INTRODUCTION
Macrophages are key to the development, progression, and
resolution of inflammation, with different macrophage subtypes
involved at each step. Macrophage polarization is rapid in
response to environmental cues, with the polarized extremes
(classical [M1] and alternative [M2]) present during acute and
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Martinez, 2010; Mantovani, 2011). M1 macrophages, activated
by microbial ligands and cytokines such as lipopolysaccharide
(LPS) or interferon-gamma (IFN-g), have a strong propensity to
present antigen (Lolmede et al., 2009). These macrophages
produce proinflammatory mediators like tumor necrosis factor-
a (TNF-a), interleukin 12 and 23 (IL-12, IL-23), nitric oxide (NO),
and reactive oxygen species (ROS) and have a role in killing intra-
cellular microorganisms. Conversely, M2 or M2-like macro-
phages are promoted by IL-4, IL-13, glucocorticoids, IL-10,
and Ig complexes plus Toll-like receptor (TLR) ligands, adapting
responses to promote angiogenesis and tissue remodeling.
These macrophages produce IL-4, IL-5, IL-10, and IL-13 and
are important in atopic disease (Biswas and Mantovani, 2010)
and parasite response (Jensen et al., 2011). Interferon and inter-
leukins are cytokines that exert effects by binding cytokine
receptors and by activating Janus kinases (JAK) and signal
transducers and activators of transcription (STAT) (Stevenson
et al., 2009; Yu et al., 2009). Classical activation by IFN-g, LPS,
or TNF-a is mediated by downstream signaling events such as
phosphorylation of STAT1, p65 nuclear factor kappa B
(NF-kB), and mitogen-activated protein kinases (MAPK), leading
to ROS and NO production (Yu et al., 2009; Mansell et al., 2006;
Pelegrin and Surprenant, 2009). M2 or M2-like macrophage
polarization is facilitated by cytokines that signal via STAT3
and STAT6, such as IL-10 or IL-4 and IL-13 (Biswas and
Mantovani, 2010). However, genome-wide analyses reveal
heterogeneity and plasticity of M2 subpopulations—even so,
all are associated with increased IL-10 and reduced inflamma-
tory responses (Biswas and Mantovani, 2010). Moreover,
through chemokine repertoires, polarized macrophages control
inflammation; for instance, M1 macrophages polarized by LPS
and/or IFN-g express the chemokines CXCL1, CXCL2, CXCL3,
CXCL5, CXCL8, CXCL9, and CXCL10 and CCL2, CCL3, CCL4,
CCL5, CCL11, CCL17, and CCL22, and M2 macrophages
increase expression of CCL2, CCL17, CCL22, and CCL24
(Biswas and Mantovani, 2010). Regulators of immune re-
sponses, such as the suppressors of cytokine signaling proteins
(SOCS), limit cytokine and LPS responses (Yoshimura et al.,
C
Figure 1. Survival of WT, Socs2–/–, and
Socs3Lyz2cre Mice after Lethal LPS
Challenge
WT, Socs2/, and Socs3Lyz2cre mice injected i.p.
with 6 mg/kg LPS. Survival was monitored over
50 hr.
(A) Kaplan-Meier plots after LPS challenge,
statistical significance determined by Log Rank
test. Data representative of at least three inde-
pendent experiments (four to five mice per group).
(B–D) End-point serum assayed for TNF-a (B),
IL-10 (C), and IL-6 (D) by ELISA.
(E–H) In vitro TNF-a (E), IL-10 (F), IL-6 (G), and IFN-g
(H) from 10 ng/ml LPS-treated peritoneal macro-
phage culture was assayed by ELISA at 0–12 hr.
Values represent mean ± 1 SEM. Statistical
significance determined by two-way ANOVA and
Bonferroni post-hoc test (**p < 0.09, ***p < 0.001).
Data are representative of at least three inde-
pendent experiments (four to five mice per group).
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Role of SOCS2 and SOCS3 in Macrophage Polarization2004) and are rapidly induced by cytokines and pathogen-asso-
ciatedmolecular patterns (PAMPS) (Bonjardim et al., 2009; Chen
et al., 2006). SOCS are likely candidates to control leukocyte
differentiation and help shape inflammatory reactions. SOCS1,
SOCS2, and SOCS3 influence T helper 1 (Th1), Th2, and Th17
cells through IFN-g-mediated STAT1, IL-4-mediated STAT6,
and IL-6-mediated STAT3 axes, respectively (Seki et al., 2003;
Chen et al., 2006; Egwuagu et al., 2002; Knosp et al., 2011;
Nakagawa et al., 2002). Recent reports suggest that SOCS aid
macrophage development and polarization by regulating
cytokine and Toll-like receptor (TLR) signaling. Socs3Lyz2cre
macrophages are hyperresponsive to IL-6, whereas SOCS1 is
important in regulating IFN-g andSTAT1 response genes (Croker
et al., 2003; Yasukawa et al., 2003). Little is known of the role of
SOCS in macrophage development, but Socs2/ mice show
mortality and Th1 cell-mediated responses to Toxoplasma gon-
dii, suggesting more proinflammatory responses to infection
(Metcalf et al., 2000; Machado et al., 2006). Furthermore,
SOCS1 and SOCS3 are induced by IFN-g, whereas SOCS1
and SOCS2 are induced by IL-4; this demonstrates an impor-
tance of SOCS1 in IFN-g and IL-4 STAT1 and STAT6 pathways,
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a reciprocal role of SOCS2 and SOCS3
in regulating downstream responses
(Dickensheets et al., 2007). Recently,
RBP-J-mediated Notch signaling has
been implicated in regulating macro-
phage polarization in a SOCS3-depen-
dent manner, thus modulating macro-
phage antitumor responses (Wang et al.,
2010; Mantovani et al., 2011). Socs3
silencing demonstrates its requirement
in M1 macrophage activation in vitro,
underlining a role for SOCS3 in macro-
phage programming (Liu et al., 2008).
Collectively, we highlight a potential
role for SOCS as players in macrophage
biology and potentially plasticity. Here
we have shown SOCS2 and SOCS3 askey diametric regulators of M1-like and M2-like macrophage
polarization and inflammatory responses, respectively. These
polarized responses were entirely macrophage dependent and
influenced T regulatory (Treg) cell recruitment to the inflamma-
tory site. Therefore, SOCS proteins are essential for control of
macrophage polarization during inflammation.
RESULTS
SOCS proteins have a role in controlling cytokine and TLR
responses. However, the mechanisms by which SOCS control
endotoxin responses is controversial (Dimitriou et al., 2008;
Dalpke et al., 2008). To explore the influence of SOCS2 and
SOCS3 in endotoxic shock,we injecteda lethal doseof LPS intra-
peritoneally (i.p.) into Socs2/, Lyz2+/cre 3 Socs3fl/fl myeloid-
specific genetically ablated (Socs3Lyz2cre), and WT (C57BL/6)
mice. As noted by others, Socs3Lyz2cre mice were resistant,
whereasWTmice succumbedwithin 24 hr (Figure 1A; Yasukawa
et al., 2003). Surprisingly,Socs2/micewere highly susceptible,
with accelerated mortality observed within 8–13 hr (Figure 1A).
Concentration of cytokine within the serum 6 hr after LPS8, January 24, 2013 ª2013 Elsevier Inc. 67
Figure 2. Adoptive Transfer of Socs2–/– and
Socs3Lyz2cre Peritoneal Macrophages
Confer Lethality or Resistance to LPS,
Respectively
2 3 106 purified peritoneal WT, Socs2/, and
Socs3Lyz2cre macrophages were injected i.p. into
WT recipients. 24 hr after transfer, animals were
challenged i.p. with 6 mg/kg LPS and monitored.
(A) Kaplan-Meier plots after LPS challenge.
(B and C) Statistical significance was deter-
mined by Log Rank test. 6 hr serum TNF-a
(B) and IL-10 (C) concentrations were assayed by
ELISA. Statistical significance determined by
two-way ANOVA and Bonferroni post-hoc test
(**p < 0.09, ***p < 0.001). Data are representa-
tive of three independent experiments and
expressed as mean ± 1 SEM of six to eight mice
per group. 2 3 106 purified WT, Socs2/, and
Socs3Lyz2cre peritoneal macrophages were in-
jected i.p. into WT recipients 24 hr before and
after CLP.
(D and E) Body temperature (D) and survival (E)
was monitored for 120 hr. Kaplan-Meier plots
after LPS challenge shown. Statistical signifi-
cance determined by Log Rank test. Data are
mean ± 1 SEM from six to eight mice per group.
Similar data were obtained in two independent
experiments.A
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Role of SOCS2 and SOCS3 in Macrophage Polarizationshowed that Socs2/ mice had significantly elevated amounts
of TNF-a and IL-6, and IL-10 was much reduced (Figures 1B–
1D). In contrast, serum amounts of TNF-a and IL-6 were signif-
icantly lower in Socs3Lyz2cre mice and IL-10 concentration was
markedly increased (Figures 1B–1D). Taken together, our
results indicate that SOCS2 and SOCS3 reciprocally regulate
LPS responses, and although the mechanism was not clear,
the fact that SOCS3 was deleted solely in the myeloid lineage
suggested that macrophages were probably responsible.
To directly explore SOCS and macrophages in the endotoxin
response, peritoneal macrophages from WT, Socs2/, and
Socs3Lyz2cre mice were extracted. After incubation with LPS,
significantly less TNF-a and IL-6 was detected in Socs3Lyz2cre
culture supernatant compared to WT (Figure 1E), whereas signif-
icantly elevated amounts were detected in Socs2/ cultures.
Concurrently, Socs3Lyz2cre macrophages secreted more IL-10,
whereas Socs2/ macrophages had decreased amounts
compared to WT (Figure 1F). These findings clearly showed that
Socs2/ macrophages had an enhanced proinflammatory
response to LPS. Yasukawa et al. (2003) also described reduced
TNF-a in Socs3Lyz2cre macrophages, but attributed this to
prolonged IL-6-mediated STAT3 signaling contributing to anti-
inflammatory effects comparable to IL-10. Significantly less IL-6
was detected in Socs3Lyz2cre peritoneal macrophages after LPS
treatment compared to WT (Figure 1G), suggesting that the re-
duced IL-6 expression may be a consequence rather than cause
of reduced LPS responsiveness.Differences in supernatant IFN-g
were also noted between strains, with Socs3Lyz2cre mice concen-
trations significantly decreased compared to WT, although
amounts were elevated in the absence of SOCS2 (Figure 1H).
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WT Mice Confers LPS Lethality or Resistance,
Respectively
In Socs3Lyz2cre mice, as a result of placental insufficiency (Taka-
hashi et al., 2003), SOCS3 deletion is restricted to the myeloid
lineage (macrophages, dendritic cell subsets, and neutrophils)
(Clausen et al., 1999), whereas SOCS2 deletion is ubiquitous in
Socs2/ mice. It was important to delineate whether lack of
SOCS in macrophages specifically was solely responsible for
our observations. To this end, we purified peritoneal macro-
phages by adhesion (>95% purity) and adoptively transferred
2 3 106 WT, Socs2/, or Socs3Lyz2cre (F4/80+CD11b+) cells
i.p. into WT recipients. Two days later, mice were challenged
with a lethal dose of LPS i.p. and survival was monitored. Trans-
fer of Socs3Lyz2cre macrophages was completely protective
(Figure 2A), with associated decreases in amounts of TNF-a de-
tected in the serum (Figure 2B) and increased amounts of IL-10
(Figure 2C). In contrast, transfer of Socs2/ macrophages
conferredmarked increases in LPS susceptibility. This increased
susceptibility was comparable to observations with LPS-treated
Socs2/ mice, suggesting that macrophages are probably
responsible for the increased susceptibility and responsiveness
to LPS stimulation in vivo.
To determine whether these observations could be replicated
in a clinically relevant model, we employed a model of sepsis, by
using caecal-ligation and puncture (CLP) described previously
(Hams et al., 2011). Within 24 hr of CLP surgery, mice receiving
WT macrophages i.p. displayed signs of endotoxic shock:
drop in core temperature followed by fatality over 4 days (Figures
2D and 2E). However, mice receiving Socs2/ macrophages
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Role of SOCS2 and SOCS3 in Macrophage Polarizationdisplayed temperature drops sustained over 48 hr with signifi-
cantly accelerated mortality (p < 0.05). In contrast, recipients
of Socs3Lyz2cre macrophages had no immediate drop in body
temperature and displayed significantly enhanced survival rela-
tive to controls (p < 0.005) (Figure 2D). These concordant ob-
servations from both sepsis models strongly suggested both
the Socs3Lyz2cre anti-inflammatory and the Socs2/ proinflam-
matory responses were due to macrophages and importantly
were dominant over the endogenous inflammatory responses.
SOCS2 and SOCS3 Are Required for Normal
Macrophage Polarization
Reduced proinflammatory and concomitant anti-inflammatory
responses are characteristics of alternatively activated (M2 or
M2-like) macrophages (Biswas and Mantovani, 2010). In light
of our results and because SOCS control both cytokine and
LPS signaling, we speculated that Socs3Lyz2cre macrophages
might have a M2-like bias or anti-inflammatory traits, whereas
Socs2/ macrophages may have a dominant M1-like or proin-
flammatory profile. To test this, WT peritoneal macrophages
were profiled by flow cytometry to assess differential steady-
state macrophage subtypes in a similar manner to Ghosn et al.
(2010) (designated M1-like F4/80intCD11bhi and M2-like F4/
80hiCD11bhi) (Figure 3A, left). The same analyses of Socs3Lyz2cre
macrophages revealed stark shifts in these populations with
a complete absence of M1-like macrophages (0.095%)
compared to WT (8.81%), whereas M2-like cells were markedly
enriched (68.5% versus 54.9%) (Figure 3A, right). In contrast,
Socs2/ peritoneal macrophage revealed a diametrically oppo-
site, classically activated profile (16.1% versus 8.81%) and
reduced M2-like cells (33.5% versus 54.9%) (Figure 3A, middle)
compared to WT.
To more closely delineate these two differential populations,
we tested markers of polarization, activation, and lineage (major
histocompatibility complex class II molecule [MHCII], CD80,
intracellular IL-10, Ly6C, Ly6G, CX3CR1, and CD11c) and found
that the M2-like macrophages showed enhanced IL-10 but
reduced MHCII and CD80 compared to the M1-like cells. By
using Socs2/ or Socs3Lyz2cre mice expressing Cx3cr1GFP, we
found that both the M1-like and M2-like populations were
CX3CR1+Ly6GCD11c (Figures S1A and S1B available online),
suggesting that the cells are myeloid derived and uncontami-
nated by neutrophils or dendritic cells. These populations also
expressed differing surface expression amounts of CX3CR1
and Ly6C—with the F4/80intCD11bhi population showing the
enhanced Ly6C expression associated with inflammatory
macrophages or TNF- and iNOS-producing DCs (TipDCs) (data
not shown) (Geissmann et al., 2010).
We next examined the ability of these macrophages to
polarize in response to endotoxin. A lethal dose LPS was admin-
istered i.p. for 0–4 hr prior to peritoneal macrophage extraction.
M1-like and M2-like cells were quantified by flow cytometry. WT
mice exhibited a clear population shift in response to LPS away
from the M2-like and toward the M1-like phenotype (Figure 3B,
left). However, the absence of SOCS2 resulted in increased
M1-like cell polarization after LPS, whereas M2-like macro-
phages decreased, suggesting that SOCS2 regulates these
shifting endotoxin responses (Figure 3B, middle). In addition,
there was a lack of any shift away from steady state in
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SOCS3 in these processes (Figure 3B, right). We found that
WTmice had clear shifts in response to LPSchallenge (Figure 3B)
and this M1-like population showed increased classical activa-
tion markers (enhanced MHCII and CD80) (Figure S1C). This
proinflammatory macrophage population was not induced in
Socs3Lyz2cre mice, but was markedly increased in Socs2/
mice, suggesting that SOCS genes are required to direct macro-
phage polarization in vivo. Socs3Lyz2cre mice also had increased
IL-10 expression both basally and after LPS stimulation (within
the M2-like F4/80hiCD11bhi population), compared to WT and
Socs2/ mice (Figure S1C). To confirm the phenotype of these
macrophages, both M1-like and M2-like populations were cell
sorted via flow cyometry from peritoneal lavage of WT,
Socs2/, or Socs3Lyz2cre mice treated with LPS for 0–24 hr.
Expression of M1 andM2markers was assessed by quantitative
polymerase chain reaction (q-PCR) (Figures 3C and 3D) from ex-
tracted mRNA and revealed increased M1-associated Nos2
within theM1-like gate (Figure 3C) and enhancedM2-associated
genes (Arg1 and Chi3l3 [also known as Ym1]) within the M2-like
population (Figure 3D) of each strain. These data confirmed that
these gated populations corresponded to the M1- and M2-like
phenotypes and that Socs2/ macrophages were predomi-
nately M1-like: having increased Nos2 yet marked reduced
M2-associated gene expression profile, whereas Socs3Lyz2cre
macrophages were more M2-like.
Collectively, these changes represent a plausible mechanism
to explain why Socs2/ mice are susceptible and Socs3Lyz2cre
mice are resistant to LPS-induced inflammation. Our results
strongly suggested that SOCS3 directsmacrophage polarization
toward an M1-like state (F4/80intCD11bhi) whereas SOCS2
promotes M2-like cells (F4/80hiCD11bhi).
Polarization of Macrophages Is Fixed and Dominant
in Absence of SOCS2 or SOCS3
To develop these data further, we asked whether Socs2/ and
Socs3Lyz2cre macrophages would polarize abnormally in vitro. A
number of key genes were reported previously to characterize
macrophage polarization. In particular, M1-like cells had
high Nos2, Tnfa, Il6, Il12, and Il23 gene expression and
upregulated MHCII and IFN-g receptor expression. M2-like
macrophages, although more heterogeneous, are globally char-
acterized by high gene expression of Arg1, Chi3l3, Retnla, and
Il10 (Gordon and Martinez, 2010; Biswas and Mantovani, 2010;
Auffray et al., 2009). Peritonealmacrophages fromWT,Socs2/,
and Socs3Lyz2cre mice were treated with M1- (LPS plus IFN-g)
or M2- (IL-4 plus IL-13) polarizing stimuli for 24 hr and gene
markers associated with M1-like (Figures 3E–3G) and M2-like
(Figures 3H–3L) polarization was assessed by qPCR. The
absence of SOCS2 completely prevented macrophage polariza-
tion toward an M2-like phenotype, even in the presence of M2-
polarizing conditions, although these cells strongly expressed
M1-like genes. Specifically, we observed expression of Tnfa
and Il12, even in the context of M2 stimuli (Figures 3F and 3G),
but virtually no Il10, Tgfb, Chi3l3, Retnla, or Arg1 expression
(Figures3H–3L). Indeed, theabsenceofSOCS3causedamarked
bias of M2-like gene expression even in the presence of LPS plus
IFN-g (Figures 3J–3L), whereasM1-like associated gene expres-
sion (Nos2, Tnfa, Il12) was reduced (Figures 3E–3G). These
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Figure 3. SOCS Expression Alters Macrophage Characteristics
Peritoneal cells extracted from WT, Socs2/, and Socs3Lyz2cre mice analyzed by flow cytometry for CD11b and F4/80 to discriminate differential macrophage
subtypes.
(legend continued on next page)
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Figure 4. Adoptive Transfer of Socs2–/– and
Socs3Lyz2cre Peritoneal Macrophages Alters
Recruitment of Foxp3+ Cells
(A) Peritoneal macrophages from WT, Socs2/,
and Socs3Lyz2cre mice were treated with LPS plus
IFN-g (100 ng/ml) or IL-4 plus IL-13 (10 ng/ml) for
24 hr. Gene expression of Ccl17 and Ccl22 was
analyzed by q-PCR. Values represent mean of
three replicates ± 1 SEM.
(B) Foxp3eGFP mice were injected i.p. with 2 3 106
purified peritoneal macrophages from WT,
Socs2/, and Socs3Lyz2cre mice. After 24 hr, mice
were challenged i.p. with 6 mg/kg ultrapure LPS.
12 hr after LPS challenge, peritoneal cells were
extracted and Treg cell recruitment discriminated
by flow cytometry by CD4 and Foxp3eGFP
expression.
Data are representative of three independent
experiments. See also Figure S2.
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Role of SOCS2 and SOCS3 in Macrophage PolarizationSocs3Lyz2cre macrophages instead exhibited elevated expres-
sion of Arg1 and Il10 even in unstimulated (control) conditions
in addition to expressing high amounts of Chi3l3 and Retnla
(Figures 3K and 3L). Socs1 gene expression was upregulated in
the absence of both SOCS2 and SOCS3 (Figure S2D).
Therefore, it appeared that SOCS2- and SOCS3-deficient
macrophages were predisposed to polarize to M1-like and M2-
like subsets, respectively, regardless of stimulation.
R
(A) Population 1 (F4/80intCD11bint) and population 2 (F4/80hiCD11bhi) were gated.
(B) WT, Socs2/, and Socs3Lyz2cre mice were treated i.p. for 4 hr with 6 mg/kg LPS or PBS. Peritoneal ma
macrophages discriminated by flow cytometry with F4/80 and CD11b to determine any shifts.
(C andD) Populations 1 and 2were cell sorted after 24 hr LPS stimulation (1mg/kg) and analyzed formRNA tran
Chi3l3 [Ym1]). Peritoneal macrophages were extracted from WT, Socs2/, and Socs3Lyz2cre mice and polar
(10 ng/ml), or LPS+IFN-g (100 ng/ml).
(E–L) mRNA expression of M1 markers Nos2 (E), Tnfa (F), and Il12 (G) and M2 markers Arg1 (H), Il10 (I), Tg
quantified by q-PCR and plotted as relative gene expression compared to WT unstimulated.
Primers outlined in Table S1. Data representative of three individual experiments of three mice treated and a
control ± 1 SEM. See also Figure S1.
Immunity 38, 66–7To determine whether this altered gene
expression occurred during polarization
of other macrophage populations, we
asked whether bone marrow-derived
macrophages (BMDM) also exhibited
similar polarization profiles. Macro-
phages were stimulated as above, and
a similar distorted polarization profile
was observed in WT, Socs2/, or Soc-
s3Lyz2cre BMDM (data not shown), sug-
gesting that SOCS2 and SOCS3 are
required for direction of polarization
responses in macrophages from multiple
tissues.
Adoptive Transfer of SOCS2- or
SOCS3-Deleted Macrophages Alter
Treg Cell Recruitment
To explore whether enhanced protection
against LPS in Socs3Lyz2cre mice and inSocs3Lyz2cre macrophage-recipient mice was solely due to
macrophages or partly due to recruitment of other regulatory
cells, we examined the chemokine expression profile of perito-
neal macrophages. After polarization of WT, Socs2/, and Soc-
s3Lyz2cre macrophages with M1 or M2 stimuli, we found that
Socs3-deleted macrophages had higher gene expression of
the T regulatory (Treg) cell-attracting chemokines Ccl17 and
Ccl22 (Figure 4A), regardless of polarizing stimulus, with Ccl22crophages were extracted and subpopulations of
script ofM1 andM2macrophage (Nos2,Arg1, and
ized for 24 hr ex vivo with PBS (control), IL-4+IL-13
fb (J), Chi3l3 (Ym1) (K), and Retnla (Fizz1) (L) were
ssayed in duplicate and expressed relative to PBS
8, January 24, 2013 ª2013 Elsevier Inc. 71
Figure 5. Altered Phosphorylation and
Activity of STAT1 and STAT6 in the Absence
of SOCS2 and SOCS3 in Response to Polar-
ization Stimuli
(A and B) WT, Socs2/, and Socs3Lyz2cre mice
were injected i.p. with 1 mg/kg LPS for 24 hr. Mice
were sacrificed and peritoneal macrophages were
extracted prior to further treatment with 100 ng/ml
LPS plus IFN-g (A) or 10 ng/ml IL-4 plus IL-13 (B)
for 0, 30, and 120 min before cell lysis.
(C–F) Lysates were blotted on 8% SDS-PAGE for
pY-STAT1, pY-STAT6, total STAT1, and total
STAT6 expression. Binding of pY-STAT1 and pY-
STAT6 to M1- and M2-associated genes (Nos2,
Tnfa, Ccl17, and Arg1) was assessed by chromatin
immunoprecipitation 0–2 hr after stimulation by
100 ng/ml LPS plus IFN-g or 10 ng/ml IL-4 plus
IL-13.
Data are representative of at least three indepen-
dent experiments. See also Figure S3 and
Table S1.
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Role of SOCS2 and SOCS3 in Macrophage Polarizationbeing constitutively expressed in Socs3Lyz2cre peritoneal
macrophages.
CCL17 and CCL22 chemokines are known to recruit Treg
cells, so we utilized Foxp3eGFP reporter to determine whether
altered Treg cell recruitment occurred after LPS-induced shock
in the presence of SOCS-deficient cells. Again, by adoptive
transfer, we i.p. injected Socs3Lyz2cre, Socs2/, or WT perito-
neal macrophages into Foxp3eGFP recipient mice 24 hr prior to
LPS injection. Peritoneal cells were isolated 12 hr after LPS,
and Treg cell infiltration (CD4+eGFP+) was assessed by flow cy-
tometry. Foxp3eGFP mice receiving Socs3Lyz2cre macrophages
had pronounced peritoneal recruitment of Treg cells compared
to recipients of WT cells (Figure 4B), which was sustained for
at least 24 hr (Figure S2). In contrast, no peritoneal CD4+Foxp3+
Treg cells were detected in recipients of Socs2/macrophages
after LPS treatment (Figure 4B). Therefore, altered recruitment of
Treg cells may contribute to the bipolar inflammatory responses
observed in the presence of SOCS-ablated macrophages.
R72 Immunity 38, 66–78, January 24, 2013 ª2013 Elsevier Inc.Altered STAT Signaling in
Macrophages Lacking SOCS
Interferon and interleukins are cytokines
that exert effects by binding to their
respective cytokine receptors and acti-
vate the JAK-STAT signaling pathway. In
order to investigate whether Socs2/ or
Socs3Lyz2cre macrophages had altered
signaling responses to polarizing stimuli,
we investigated STAT signaling.We found
that Socs2/ cells consistently showed
enhanced STAT1 phosphorylation in
response to proinflammatory stimuli
(LPS plus IFN-g) (Figure 5A) and even
LPS alone (Figure S3E). In contrast, Soc-
s3Lyz2cre macrophages exhibited consti-
tutive STAT6 phosphorylation, which
was enhanced and prolonged after IL-4
plus IL-13 stimulation, whereas Socs2/
cells showed the reverse trend (Figure5B).Furthermore, these alterations in phosphorylation of STAT1 and
STAT6 translated into differences of promoter region binding
and activation of classical markers when analyzed by chromatin
immunoprecipitation. In the absence of SOCS2, STAT1 binding
to the M1 marker Nos2 and Tnfa gene promoters was enhanced
compared to WT, whereas binding of STAT6 to Arg1 and Ccl17
promoters was decreased. However, the opposite trend was
observed in the absence of SOCS3, with decreased binding of
STAT1 to Nos2 and Tnfa and increased binding of STAT6 to
Arg1 and Ccl17 compared to WT (Figures 5C–5F). STAT1 and
STAT6 promoter binding of these genes was specifically
affected as demonstrated (Figures S3A–S3D). Moreover, we
consistently observed elevated SOCS1 expression in the
Socs3Lyz2cre macrophages (Figure 6), perhaps explaining the
blunted IFN-g-induced STAT1 response. Because LPS is
a strong inducer of IFN-g, SOCS1, and SOCS3 in macrophages,
the experiments were repeated with LPS alone and in the pres-
ence of a neutralizing IFN-g antibody. Importantly, similar
Figure 6. Loss of SOCS Regulatory Mecha-
nisms in Socs3Lyz2cre and Socs2–/– Macro-
phages
WT, Socs2/, and Socs3Lyz2cre peritoneal
macrophages were extracted and treated with
100 ng/ml LPS plus IFN-g for 0, 3, and 24 hr.
Lysates were immunoblotted on 12% SDS-PAGE
for SOCS1, SOCS2, SOCS3, and Tubulin as
loading control. Data are representative of three
independent observations. See also Figure S3.D
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Role of SOCS2 and SOCS3 in Macrophage Polarizationphosphorylation of STAT was observed after LPS treatment
alone (Figure S3E) and in the presence of an anti-IFN-g (Fig-
ure S3F), reinforcing our findings that SOCS-deficient
macrophages are terminally differentiated and confirming that
responses to endotoxin, rather than secondary cytokine
responses, are more important in this acute model of disease.
We also observed elevated amounts of SOCS3 (and to a lesser
extent SOCS1) in the absence of SOCS2 (Figure 6), pointing
toward a self-regulatory role for SOCS proteins. As stated previ-
ously, we also found differential expression of Socs1 mRNA by
qPCR in WT, Socs2/, and Socs3Lyz2cre macrophages. This
reciprocal regulation would explain the dramatic alterations in
JAK-STAT signaling observed andmay help elucidate the mech-
anism for enhanced M1 polarization observed in the absence of
SOCS2 and the blunted M1 polarization in Socs3Lyz2cre
macrophages.
IL-10 Is Required to Prevent Sepsis in Presence of
SOCS3-Polarized Macrophages
Yasukawa et al. (2003) postulated that the absence of SOCS3
leads to prolonged IL-6-mediated STAT3 signaling in a manner
similar to IL-10 and thus provided an explanation for the endo-
toxin tolerance in Socs3Lyz2cre mice. However, our findings
suggest that these differences may be a consequence of
changes in macrophage polarization rather than the cause of
the anti-inflammatory responses. In order to conclusively answer
this question, we crossed the Socs3Lyz2cre strain with an Il6/
strain and found resistance to LPS comparable to Socs3Lyz2cre
mice in terms of both mortality (Figure 7A) and in vivo and
in vitro amounts of TNF-a and IL-10 Similarly, in vivo LPS chal-
lenge resulted in reduced TNF-a, whereas serum IL-10 amounts
were increased comparable to that of Socs3Lyz2cre-ablated
strains (Figures 7B–7F). These results further support the view
that mechanisms other than altered IL-6 signaling may be
responsible for the LPS unresponsiveness observed in
Socs3Lyz2cre mice and that altered macrophage polarization
could be the major contributing factor to the observations in
these mice.
Collectively, our findings suggest that macrophage polariza-
tion is controlled by cytokine-mediated STAT signaling. There-
fore, we used cytokine-neutralizing antibodies in vivo to examine
these responses and attempt to restore normal WT responses in
both the Socs2/ and Socs3Lyz2cre mice. In Figure 7G we show
that blockade of IL-4-mediated signaling partially rescued
Socs3Lyz2cre mice responsiveness to LPS, whereas blockade
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responses near WT serum concentrations (28–36 hr versus 24–
28 hr, respectively) (Figure 7H). Similarly, we transferred WT,
Socs2/, or Socs3Lyz2cre macrophages into Il10/ recipient
mice and found that LPS-induced lethality was reduced on
transfer of Socs3Lyz2cre cells (Figures S6A and S6B) but that
these mice eventually succumbed to LPS, suggesting that
macrophage-derived IL-10 was not the sole contributor to resis-
tance in Socs3Lyz2cre mice. Conversely, blockade of IFN-g and
subsequent phospho-STAT1-mediated TNF-a production (Fig-
ure 7I) resulted in reduced Socs2/ mice lethality compared
to IgG1-treated controls (19–22 hr versus 8–14 hr, respectively)
whereas blocking IL-10R antibody marginally enhanced inflam-
mation in Socs2/ mice (data not shown). End-point serum
was assayed by ELISA for IL-6, TNF-a, IFN-g, IL-4, and IL-10
after blockade with specific blocking antibodies or isotype
controls and LPS challenge (Figures S6C–S6E). These experi-
ments (Figures 7G–7I) indicate that blockade of IL-4 and
IL-10R in Socs3Lyz2cre mice elevated proinflammatory re-
sponses, consistent with the increased severity of disease. In
contrast, blockade of IFN-g reduced production of TNF-a and
IL-6 cytokines in the absence of SOCS2.
Taken together, our data indicate a diametrically opposed role
for SOCS2 and SOCS3 in regulating M1 and M2 macrophage
polarization and strongly indicate that blocking specific polariza-
tion stimuli in macrophages may skew polarization and promote
restoration of normal endotoxin responses.
DISCUSSION
Macrophages are essential for effective inflammatory
responses. It is now accepted that macrophages have pheno-
typic and functional diversity regulated by numerous factors
(Gordon and Martinez, 2010). We have shown that SOCS
play important roles in maintaining homeostasis of macrophage
responses and are required for normal polarization. Socs2/
macrophages exhibited marked enrichment of the M1-like pop-
ulation, whereas Socs3Lyz2cre macrophages showed complete
absence of these cells. Surprisingly, the inflammatory pheno-
types of SOCS2- or SOCS3-deficient macrophages were fixed
and were incapable of switching their characteristics upon
polarizing stimulation. Indeed, on transfer into WT hosts, their
inflammatory responses were dominant over endogenous cells.
This fixed polarization was associated with enhanced STAT
responses and constitutive expression of polarized markers.
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Figure 7. IL-10 Required to Prevent Sepsis
in Presence of SOCS3-Polarized Macro-
phages
WT, Socs3Lyz2cre, and Il6/ 3 Socs3Lyz2cre mice
were injected i.p. with 6 mg/kg ultrapure LPS and
survival was monitored over 60 hr.
(A) Representative Kaplan-Meier plots after LPS
challenge.
(B–D) TNF-a (B), IL-10 (C), and IL-6 (D) responses
to 10 ng/ml LPS were measured in peritoneal
macrophages in vitro by ELISA. Statistical signifi-
cance was determined with two-way ANOVA and
Bonferroni post-hoc test (p % 0.001). Data are
represented as mean ± 1 SEM.
(E and F) Serum cytokine TNF-a and IL-10 over
time in response to lethal LPSmeasured by ELISA.
(G–I) WT,Socs2/, andSocs3Lyz2cre were injected
i.p. with 0.25 mg/kg anti-IL4 (clone 11B11) (G),
0.5 mg/kg anti-IL-10R (clone 1B1.3a) (H), or
0.5 mg/kg anti-IFN-g (clone R4-6A2) 24 hr prior to
receiving 6mg/kg ultrapure LPS i.p. and after every
subsequent 24 hr period. Survival was monitored
over the course of 50 hr. Representative Kaplan-
Meier plots after LPS challenge presented; statis-
tical significance determined by Log Rank test.
Data are representative of two independent ex-
periments (nine mice per group).
See also Figure S4.
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Role of SOCS2 and SOCS3 in Macrophage PolarizationMoreover, Socs3Lyz2cre macrophages displayed enhanced
Treg cell recruitment after LPS-induced shock, whereas this
failed to occur in Socs2/ macrophage recipients. These
observations suggest that the divergent inflammatory re-
sponses observed in SOCS-deficient mice result from altered
cell recruitment and suppressive cytokine production by mac-
rophage. Blockade of defined polarization cytokines suggest
that profound pro- or anti-inflammatory responses in Socs2/
and Socs3Lyz2cre mice are caused by skewed macrophage
activities. Therefore, our findings demonstrate an essential
role for SOCS in regulating macrophage polarization and
inflammation.
Hitherto, SOCS genes had noted roles in the maintenance of
homeostasis and resolution of inflammatory processes (Seki
et al., 2003; Chen et al., 2006; Croker et al., 2003). Recent
evidence supports a role in balancing T helper cell polarization,
potentially by controlling JAK and STAT activation (Croker
R74 Immunity 38, 66–78, January 24, 2013 ª2013 Elsevier Inc.et al., 2008; Yoshimura, 2009; Zhu and
Paul, 2010). SOCS3 expression is consti-
tutively elevated in Th2 cells (Nakagawa
et al., 2002; Zhao et al., 2010) and may
be essential for development, perhaps at
the expense of Th1 cells (Chen et al.,
2006). In contrast, expanded Th1 cell
polarization was observed in Socs1/
mice at the expense of Th17 cells (Tanaka
et al., 2008). Moreover, recent evidence
shows that SOCS2 prevents atopic Th2
cell-associated responses (Knosp et al.,
2011). Perhaps these observations are
not unexpected; STATs are known toregulate CD4+ T cell polarization (Zhao et al., 2010) and SOCS
are pivotal in limiting STAT activation.
Because SOCS are key regulators of T helper cell polarization,
the possibility that these genes regulate macrophage polariza-
tion seems logical. Little is known in this regard, but Socs2/
mice have heightened proinflammatory responses after Toxo-
plasma gondii infection (Machado et al., 2006; Metcalf et al.,
2000) and others have postulated that in the absence of
SOCS3, IL-6 signals in a manner similar to IL-10, providing one
possible explanation for the endotoxin tolerance observed in
mice (Croker et al., 2003; Yasukawa et al., 2003). However, our
observations suggest that, although this may indeed be so, the
anti-inflammatory effects of IL-6 may be a consequence of
altered macrophage polarization rather than a direct cause of
the endotoxin tolerance. Recently, Whitmarsh et al. (2011)
showedSocs3Lyz2cre mice asmore susceptible to T. gondii infes-
tation compared to WT and able to be rescued by anti-IL-6
Immunity
Role of SOCS2 and SOCS3 in Macrophage Polarizationadministration or treatment with IL-12 cytokine. It should be
noted that T. gondii as an intracellular parasite (as opposed to
LPS, which primarily promotes responses through the surface
TLR4) cannot be directly compared to our findings because
these models and the mechanisms of response are very
different. Taken with a report by Jensen et al. (2011), it appears
that some species of T. gondii more readily promote polarized
M1 responses than others, perhaps also explaining differences
between our models. Interestingly, we do see many similarities
including reduced IL-12 and IFN-g and prolonged STAT3
signaling.
We find elevated SOCS1 protein expression in Socs3Lyz2cre
cells, perhaps suggesting a role for SOCS1 in macrophage
polarization. Socs1/ mice are hypersensitive to IFN-g (Alex-
ander et al., 1999) and endotoxic shock (Nakagawa et al.,
2002), and macrophages from these mice have uncontrolled
LPS plus IFN-g signaling, producing high concentrations of
proinflammatory cytokines in response to TLR2 and/or TLR4
activation (Chen et al., 2006). SOCS1 directly controls TLR
signaling and proinflammatory responses through degradation
of interleukin-1 receptor-associated kinase 1 (IRAK1) and p65
(Ryo et al., 2003) and phosphorylated MyD88 adaptor-like
(MAL) (Mansell et al., 2006). Although the profile of Socs1/
macrophages has to be examined, our data would support exag-
gerated M1-like expansion in Socs1/ animals. Indeed,
macrophage-specific deletion of SOCS1 leads to reduced
susceptibility to B16 melanoma growth and colon carcinogen-
esis through increased antitumor responses (Hashimoto et al.,
2009) and perhaps also altered tumor associated macrophage
(TAM) polarization toward M1-like macrophages. Our observa-
tion that SOCS1 is elevated in Socs3Lyz2cre macrophages impli-
cates SOCS1 in limiting M1 cells and should be explored. In
Socs2/ macrophages, we also noted increased SOCS1, but
also differences in the amount and duration of SOCS3 expres-
sion. Reports that SOCS3 blocks TLR signaling may need rein-
terpretation because these observations may be due to altered
NF-kB activity in SOCS3-deleted macrophages. Indeed we
found that Socs3Lyz2cre macrophages depressed STAT1 phos-
phorylation by IFN-g and this correlated with elevated SOCS1.
We also found an opposite trend in the absence of SOCS2
with increased phosphorylation of STAT1 and failure to upregu-
late SOCS1. Because SOCS proteins, including SOCS2, may
reciprocally regulate each other (Tannahill et al., 2005; Piesse-
vaux et al., 2006), via ubiquitin E3-ligase activity, this might
explain both the alteration of SOCS expression and the require-
ment of SOCS2 and SOCS3 to maintain responses to LPS plus
IFN-g. In addition, treatment with anti-IFN-g prior to LPS treat-
ment resulted in STAT phosphorylation similar to macrophages
stimulated with LPS alone in the absence of SOCS2 or SOCS3
and reinforces our opinion that these cells are terminally polar-
ized. Our observations of altered IFN-g and elevated IL-10
secretions by Socs3Lyz2cre macrophages may suggest that the
anti-inflammatory properties of IL-10 are important in regulating
polarized responses in this setting.
The transcription factor IRF5 is postulated as a ‘‘master regu-
lator’’ skewing macrophages toward M1 (Krausgruber et al.,
2011). Krausgruber et al. (2011) suggest that IRF5-overexpress-
ing macrophages (expressing M1 profiles) are associated with
increased Th1 and/or 17 cell recruitment. Although IRF5 may
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SOCS family could also be classed as master regulators further
upstream in polarization pathways. We would postulate that
SOCS proteins regulate cytokine-mediated signaling pathways
in a classical negative-feedback loop. This balance of SOCS1,
SOCS2, and SOCS3 expression within the cell would therefore
provide a clear explanation for differences in signaling observed
when these key proteins are deficient, deleted, or overex-
pressed. It is clear that differences in SOCS expression may
lead to altered signaling from key pathways, particularly the
STATs but also other pathways such as the MAPK, ERK, PI3K,
and AP-1 cascades (Zheng and Specter, 1996). It is clear to us
that alterations in SOCS expression such as those observed
here would have major consequences on these signal cascades
and may provide potential therapeutic targets in the future.
Although Socs3Lyz2cre macrophages are steadfastly anti-
inflammatory even in response to proinflammatory signals, our
analyses demonstrate that this phenotype in vivo is partly
a consequence of chemokine expression such as CCL17 and
CCL22 leading to Treg cell infiltration to the inflammatory site.
This is in contrast to Il10/macrophages that upregulate costi-
mulatory molecules such as CD80 and CD86 (Soltys et al., 2002)
and increase recruitment of Th17 cells, effectively blocking Treg
cell recruitment. Also, central nervous system (CNS) delivery of
the Il4 gene increases CCL22 secretion, M2-like expansion of
macrophages, and recruitment of Treg cells and protects against
experimental autoimmune encephalitis (EAE) progression
(Quiding-Ja¨rbrink et al., 2010). Others have made similar obser-
vations in the tumor microenvironment: M2 macrophage-
mediated Treg cell recruitment and dampened cytotoxic killing
(Mantovani and Sica, 2010; Biswas and Mantovani, 2010;
Schutyser et al., 2002). Our observation that Foxp3+ Treg cell
recruitment was perturbed when Socs2/ macrophages were
present suggests that these M1-like cells establish a proinflam-
matory environment and hamper mobilization of suppressor
cells. Blockade of M2 cytokines resulted in exaggerated proin-
flammatory response to LPS in the absence of SOCS3, sug-
gesting that perhaps anti-inflammatory macrophage activity is
important in controlling these responses in these mice. In
addition, we found that macrophages from Socs2/ and
Socs3Lyz2cre mice showed disparity in TGF-b production and
its effects, with Socs2/ mice expressing reduced secretions
compared to WT but increased in Socs3Lyz2cre mice. Given find-
ings by Matsumura et al. (2007) that SOCS3-deficient dendritic
cells promote TGF-b secretion and that this correlated with
Treg cell expansion, this is perhaps unsurprising.
Rivollier et al. (2012) show that differential macrophage
subsets expressing elevated F4/80 and CX3CR1 are present in
the colonic lamina propria, are Ly6Chi monocyte derived, and
may have anti-inflammatory roles in response to microbiota
through elevated IL-10. In contrast, F4/80loCX3CR1intCD11chi
cells have proinflammatory roles similar to our findings. Although
we detected few if any CD11chi dendritic cells in the peritoneum
of our mice, we show that other mechanisms such as Treg cell
recruitment are altered in the absence of SOCS2 or SOCS3
and as such, dendritic cells may also have an important role.
In conclusion, macrophage lineage and fate is dependent on
the microenvironment, with polarization thought to be a key
factor in the development of inflammation and cancer. Our
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Role of SOCS2 and SOCS3 in Macrophage Polarizationdata demonstrate that SOCS2 and SOCS3 control macrophage
polarization and plasticity by regulating polarizing stimuli
signaling via STATs. Our observations suggest that LPS
unresponsiveness occurs by programming macrophages to
establish pro- or anti-inflammatory environments. Given the
importance of SOCS2 and SOCS3 in controlling inflammation,
we propose that controlling SOCS expression or targeting asso-
ciated ubiquitin E3 ligases may represent innovative approaches
to control inflammation.
EXPERIMENTAL PROCEDURES
Mice
Socs2/ and Socs3fl/fl mice were gifted by D.J. Hilton (Royal Melbourne
Hospital, Victoria, Australia). Lys2cre and Il6/ mice were purchased from
Jackson Laboratories. Il6/ mice were crossed with Lys2cre 3 Socs3fl/fl
(Il6/ 3 Socs3LysMcre). Il10/ mice were from MGC Foundation, Germany
(Ku¨hn et al., 1993). B6-FoxP3tm1Mal (Foxp3eGFP mice) are described previously
(Wang et al., 2008). WT controls were C57BL/6 and from Harlan Laboratories
(UK). Mice were specific pathogen free and used at 6–8 weeks. Experiments
were sanctioned and approved by the UKHomeOffice and Queen’s University
Belfast Ethical Review Committee or Irish Department of Health and Children/
Trinity College Dublin Bioresources Ethical Review Board.
Preparation of Peritoneal Macrophages
Sterile PBS was injected into the peritoneal cavity and cells lavaged. Cells
were washedwith PBS and adhered to petriperm plates for 2 hr. Adherent cells
were collected by vigorous washing and characterized as peritoneal macro-
phages by flow cytometry. Cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 1% peni-
cillin and streptomycin, and 1% L-glutamine (PAA, UK) during stimulation.
Adoptive Transfer
C57BL/6 mice received 23 106 WT, Socs2/, or Socs3Lyz2cre macrophages.
Mice were rested for 24 hr and injected i.p. with LPS, and serum was collected
as appropriate. Foxp3eGFP mice received 2 3 106 C57BL/6, Socs2/, or
Socs3Lyz2cre cells i.p. 1 day prior to LPS. Serum was collected 24 hr later for
cytokine analysis and peritoneal exudate was analyzed for infiltrating Treg
cells.
Endotoxin-Induced Model of Sepsis and Specific Blockade of
Cytokine Activity
Sepsis was induced in mice by injecting 6 mg/kg E. coli-derived ultrapure LPS
(invivogen) or PBS (not shown) i.p. Survival after LPS was monitored. Mice
were culled immediately at a humane end-point noted by loss of self-righting
and insensitivity to touch. IL-4 (Clone 11B11 A. MacDonald, Edinburgh, UK),
IL-10R (P. Fallon, Dublin, Ireland), and IFN-g (BioXcell Clone R4-6A2) blocking
utilized i.p. injection of 0.25 mg, 0.5 mg, and 0.5 mg neutralizing antibodies,
respectively, 24 hr prior to LPS challenge and each subsequent 24 hr until
end points.
Cecal Ligation and Puncture Model
Polymicrobial sepsis was induced in mice by the CLP method as previously
described (Hams et al., 2011). Transponders (BioMedic Data Systems) were
implanted 72 hr before surgery to monitor temperatures. 2 3 106 C57BL/6,
Socs2/, or Socs3Lyz2cre peritoneal macrophages were injected i.p. into WT
recipients 24 hr before and after CLP. Mice were anesthetized and the caecum
of eachmouse was ligated and punctured to allow peritoneal leakage. Survival
and temperatures were monitored. Pain relief was provided throughout with
buprenorphine.
Cytokine Analysis
Macrophages were stimulated in vitro as indicatedwith LPS (Invivogen), IFN-g,
IL-4 or IL-13 (Peprotech), and TNF-a, IL-4, IL-6, and IL-10 supernatant
concentrations were determined by ELISA according to manufacturer’s
instructions (R&D Systems). Challenged mice were tail bled or cardiac punc-
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10 min, centrifuged at 13,000 3 g for 10 min, and serum assayed by ELISA
or meso-scale discovery (MSD) multiarray.
Gene Expression Analysis
Peritoneal macrophages were stimulated with polarizing stimuli for 24 hr. RNA
was extracted by RNAeasy kit (QIAGEN UK) according to instructions.
First-strand cDNA was synthesized with mMLV and random primers
(Invitrogen) according to instructions. PCR was performed on an MX3000P
qPCR machine (Agilent), 50 ng of cDNA, SYBR Green (QIAGEN UK), and
primers described in Table S1. Cycling conditions were 45 cycles of 95C
for 1 min, 58C for 30 s, 72C for 30 s, followed by a dissociation curve to
control for genomic DNA.
Immunoblotting and Immunoprecipitation
Macrophages were stimulated with ultrapure LPS plus IFN-g or IL-4 plus IL-13
as indicated. Cells were lysed with RIPA buffer. Expression of SOCS1
(Invitrogen #38-S200), SOCS2 (Cell Signaling #2779S), SOCS3 (IBL, Hamburg
C204 #18391), STAT1 (Abcam UK #ab3987), pYSTAT1 (Cell Signaling
#9171S), STAT6 (Santa Cruz Biotechnology #sc-621), pYSTAT6 (Imgenex
#IMG408A), and g-tubulin (Sigma Aldrich UK #T5192) were determined by
immunoblotting. STAT1 and STAT6 binding of Nos2, Tnfa, Ccl17, and Arg1
promoter regions were investigated with the STAT1 and STAT6 antibodies
as above, the EZ-ChIP chromatin I.P kit (Millipore # 17-371), and specific
ChIP promoter primers as detailed in Table S1.
Flow Cytometric Analysis
Macrophages from treated mice were analyzed for F4/80, CD11b, CD11c,
CD80, Ly6C, Ly6G, and IA-IE (MHCII) (BD Biosciences) expression with
a FACScantoII flow cytometer (BD). Intracellular staining of peritoneal macro-
phages for IL-10 (E-Biosciences) was carried out as instructed (BD cytofix/
cytoperm).
Statistical Analyses
Comparisons employed one-way ANOVA and Tukey post-hoc test or utilized
two-way ANOVA and Bonferonni post-hoc test. Kaplan-Meier graph and Log
Rank test determined significance of survival. Data analyzed by Graphpad
Prism v5. Error bars are ±1 SEM. Statistical significance and p values are
shown where relevant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and one table and can
be found with this article online at http://dx.doi.org/10.1016/j.immuni.2012.
09.013.
ACKNOWLEDGMENTS
The authors would like to thank C. McFarlane, H. Carroll, and J. Burrows for
helpful discussions and L. Hanna and other members of the Queens University
of Belfast biological research unit for technical aid and expertise. P.G.F. was
supported by Science Foundation Ireland and Wellcome Trust.
Received: November 10, 2011
Accepted: September 13, 2012
Published online: November 21, 2012
REFERENCES
Alexander, W.S., Starr, R., Fenner, J.E., Scott, C.L., Handman, E., Sprigg,
N.S., Corbin, J.E., Cornish, A.L., Darwiche, R., Owczarek, C.M., et al. (1999).
SOCS1 is a critical inhibitor of interferon gamma signaling and prevents the
potentially fatal neonatal actions of this cytokine. Cell 98, 597–608.
Auffray, C., Sieweke, M.H., and Geissmann, F. (2009). Blood monocytes:
development, heterogeneity, and relationship with dendritic cells. Annu. Rev.
Immunol. 27, 669–692.
ED
Immunity
Role of SOCS2 and SOCS3 in Macrophage PolarizationBiswas, S.K., and Mantovani, A. (2010). Macrophage plasticity and interaction
with lymphocyte subsets: cancer as a paradigm. Nat. Immunol. 11, 889–896.
Bonjardim, C.A., Ferreira, P.C., and Kroon, E.G. (2009). Interferons: signaling,
antiviral and viral evasion. Immunol. Lett. 122, 1–11.
Chen, Z., Laurence, A., Kanno, Y., Pacher-Zavisin, M., Zhu, B.M., Tato, C.,
Yoshimura, A., Hennighausen, L., andO’Shea, J.J. (2006). Selective regulatory
function of Socs3 in the formation of IL-17-secreting T cells. Proc. Natl. Acad.
Sci. USA 103, 8137–8142.
Clausen, B.E., Burkhardt, C., Reith, W., Renkawitz, R., and Fo¨rster, I. (1999).
Conditional gene targeting in macrophages and granulocytes using LysMcre
mice. Transgenic Res. 8, 265–277.
Croker, B.A., Krebs, D.L., Zhang, J.G., Wormald, S., Willson, T.A., Stanley,
E.G., Robb, L., Greenhalgh, C.J., Fo¨rster, I., Clausen, B.E., et al. (2003).
SOCS3 negatively regulates IL-6 signaling in vivo. Nat. Immunol. 4, 540–545.
Croker, B.A., Kiu, H., and Nicholson, S.E. (2008). SOCS regulation of the JAK/
STAT signalling pathway. Semin. Cell Dev. Biol. 19, 414–422.
Dalpke, A., Heeg, K., Bartz, H., and Baetz, A. (2008). Regulation of innate
immunity by suppressor of cytokine signaling (SOCS) proteins.
Immunobiology 213, 225–235.
Dickensheets, H., Vazquez, N., Sheikh, F., Gingras, S., Murray, P.J., Ryan, J.J.,
and Donnelly, R.P. (2007). Suppressor of cytokine signaling-1 is an IL-4-induc-
ible gene in macrophages and feedback inhibits IL-4 signaling. Genes Immun.
8, 21–27.
Dimitriou, I.D., Clemenza, L., Scotter, A.J., Chen, G., Guerra, F.M., and
Rottapel, R. (2008). Putting out the fire: coordinated suppression of the innate
and adaptive immune systems by SOCS1 and SOCS3 proteins. Immunol. Rev.
224, 265–283.
Egwuagu, C.E., Yu, C.R., Zhang, M., Mahdi, R.M., Kim, S.J., and Gery, I.
(2002). Suppressors of cytokine signaling proteins are differentially expressed
in Th1 and Th2 cells: implications for Th cell lineage commitment and mainte-
nance. J. Immunol. 168, 3181–3187.
Geissmann, F., Manz, M.G., Jung, S., Sieweke, M.H., Merad, M., and Ley, K.
(2010). Development of monocytes, macrophages, and dendritic cells.
Science 327, 656–661.
Ghosn, E.E., Cassado, A.A., Govoni, G.R., Fukuhara, T., Yang, Y., Monack,
D.M., Bortoluci, K.R., Almeida, S.R., Herzenberg, L.A., and Herzenberg, L.A.
(2010). Two physically, functionally, and developmentally distinct peritoneal
macrophage subsets. Proc. Natl. Acad. Sci. USA 107, 2568–2573.
Gordon, S., and Martinez, F.O. (2010). Alternative activation of macrophages:
mechanism and functions. Immunity 32, 593–604.
Hams, E., Saunders, S.P., Cummins, E.P., O’Connor, A., Tambuwala, M.T.,
Gallagher, W.M., Byrne, A., Campos-Torres, A., Moynagh, P.M., Jobin, C.,
et al. (2011). The hydroxylase inhibitor dimethyloxallyl glycine attenuates endo-
toxic shock via alternative activation of macrophages and IL-10 production by
B1 cells. Shock 36, 295–302.
Hashimoto, M., Ayada, T., Kinjyo, I., Hiwatashi, K., Yoshida, H., Okada, Y.,
Kobayashi, T., and Yoshimura, A. (2009). Silencing of SOCS1 in macrophages
suppresses tumor development by enhancing antitumor inflammation. Cancer
Sci. 100, 730–736.
Jensen, K.D., Wang, Y., Wojno, E.D.T., Shastri, A.J., Hu, K., Cornel, L.,
Boedec, E., Ong, Y.C., Chien, Y.H., Hunter, C.A., et al. (2011). Toxoplasma
polymorphic effectors determine macrophage polarization and intestinal
inflammation. Cell Host Microbe 9, 472–483.
Knosp, C.A., Carroll, H.P., Elliott, J., Saunders, S.P., Nel, H.J., Amu, S., Pratt,
J.C., Spence, S., Doran, E., Cooke, N., et al. (2011). SOCS2 regulates T helper
type 2 differentiation and the generation of type 2 allergic responses. J. Exp.
Med. 208, 1523–1531.
Krausgruber, T., Blazek, K., Smallie, T., Alzabin, S., Lockstone, H., Sahgal, N.,
Hussell, T., Feldmann, M., and Udalova, I.A. (2011). IRF5 promotes inflamma-
tory macrophage polarization and TH1-TH17 responses. Nat. Immunol. 12,
231–238.
Ku¨hn, R., Lo¨hler, J., Rennick, D., Rajewsky, K., and Mu¨ller, W. (1993).
Interleukin-10-deficient mice develop chronic enterocolitis. Cell 75, 263–274.
R
ET
R
ALiu, Y., Stewart, K.N., Bishop, E., Marek, C.J., Kluth, D.C., Rees, A.J., and
Wilson, H.M. (2008). Unique expression of suppressor of cytokine signaling
3 is essential for classical macrophage activation in rodents in vitro and in vivo.
J. Immunol. 180, 6270–6278.
Lolmede, K., Campana, L., Vezzoli, M., Bosurgi, L., Tonlorenzi, R., Clementi,
E., Bianchi, M.E., Cossu, G., Manfredi, A.A., Brunelli, S., and Rovere-Querini,
P. (2009). Inflammatory and alternatively activated human macrophages
attract vessel-associated stem cells, relying on separate HMGB1- and
MMP-9-dependent pathways. J. Leukoc. Biol. 85, 779–787.
Machado, F.S., Johndrow, J.E., Esper, L., Dias, A., Bafica, A., Serhan, C.N.,
and Aliberti, J. (2006). Anti-inflammatory actions of lipoxin A4 and aspirin-trig-
gered lipoxin are SOCS-2 dependent. Nat. Med. 12, 330–334.
Mansell, A., Smith, R., Doyle, S.L., Gray, P., Fenner, J.E., Crack, P.J.,
Nicholson, S.E., Hilton, D.J., O’Neill, L.A., and Hertzog, P.J. (2006).
Suppressor of cytokine signaling 1 negatively regulates Toll-like receptor
signaling by mediating Mal degradation. Nat. Immunol. 7, 148–155.
Mantovani, A. (2011). B cells and macrophages in cancer: yin and yang. Nat.
Med. 17, 285–286.
Mantovani, A., and Sica, A. (2010). Macrophages, innate immunity and cancer:
balance, tolerance, and diversity. Curr. Opin. Immunol. 22, 231–237.
Mantovani, A., Garlanda, C., Allavena, P., Sica, A., and Locati, M. (2011). The
Yin Yang of Cancer Related Inflammation (New York: Springer).
Matsumura, Y., Kobayashi, T., Ichiyama, K., Yoshida, R., Hashimoto, M.,
Takimoto, T., Tanaka, K., Chinen, T., Shichita, T., Wyss-Coray, T., et al.
(2007). Selective expansion of foxp3-positive regulatory T cells and immuno-
suppression by suppressors of cytokine signaling 3-deficient dendritic cells.
J. Immunol. 179, 2170–2179.
Metcalf, D., Greenhalgh, C.J., Viney, E., Willson, T.A., Starr, R., Nicola, N.A.,
Hilton, D.J., and Alexander, W.S. (2000). Gigantism in mice lacking suppressor
of cytokine signalling-2. Nature 405, 1069–1073.
Nakagawa, R., Naka, T., Tsutsui, H., Fujimoto, M., Kimura, A., Abe, T., Seki, E.,
Sato, S., Takeuchi, O., Takeda, K., et al. (2002). SOCS-1 participates in nega-
tive regulation of LPS responses. Immunity 17, 677–687.
Pelegrin, P., and Surprenant, A. (2009). Dynamics of macrophage polarization
reveal new mechanism to inhibit IL-1beta release through pyrophosphates.
EMBO J. 28, 2114–2127.
Piessevaux, J., Lavens, D., Montoye, T., Wauman, J., Catteeuw, D.,
Vandekerckhove, J., Belsham, D., Peelman, F., and Tavernier, J. (2006).
Functional cross-modulation between SOCS proteins can stimulate cytokine
signaling. J. Biol. Chem. 281, 32953–32966.
Quiding-Ja¨rbrink, M., Raghavan, S., and Sundquist, M. (2010). Enhanced M1
macrophage polarization in human helicobacter pylori-associated atrophic
gastritis and in vaccinated mice. PLoS ONE 5, e15018.
Rivollier, A., He, J., Kole, A., Valatas, V., and Kelsall, B.L. (2012). Inflammation
switches the differentiation program of Ly6Chi monocytes from antiinflamma-
tory macrophages to inflammatory dendritic cells in the colon. J. Exp. Med.
209, 139–155.
Ryo, A., Suizu, F., Yoshida, Y., Perrem, K., Liou, Y.C., Wulf, G., Rottapel, R.,
Yamaoka, S., and Lu, K.P. (2003). Regulation of NF-kappaB signaling by
Pin1-dependent prolyl isomerization and ubiquitin-mediated proteolysis of
p65/RelA. Mol. Cell 12, 1413–1426.
Schutyser, E., Struyf, S., Proost, P., Opdenakker, G., Laureys, G., Verhasselt,
B., Peperstraete, L., Van de Putte, I., Saccani, A., Allavena, P., et al. (2002).
Identification of biologically active chemokine isoforms from ascitic fluid and
elevated levels of CCL18/pulmonary and activation-regulated chemokine in
ovarian carcinoma. J. Biol. Chem. 277, 24584–24593.
Seki, Y., Inoue, H., Nagata, N., Hayashi, K., Fukuyama, S., Matsumoto, K.,
Komine, O., Hamano, S., Himeno, K., Inagaki-Ohara, K., et al. (2003). SOCS-
3 regulates onset and maintenance of T(H)2-mediated allergic responses.
Nat. Med. 9, 1047–1054.
Soltys, J., Bonfield, T., Chmiel, J., and Berger, M. (2002). Functional IL-10 defi-
ciency in the lung of cystic fibrosis (cftr(-/-)) and IL-10 knockout mice causes
increased expression and function of B7 costimulatory molecules on alveolar
macrophages. J. Immunol. 168, 1903–1910.
C
TE
DImmunity 38, 66–78, January 24, 2013 ª2013 Elsevier Inc. 77
Immunity
Role of SOCS2 and SOCS3 in Macrophage PolarizationStevenson, N.J., Addley, M.R., Ryan, E.J., Boyd, C.R., Carroll, H.P., Paunovic,
V., Bursill, C.A., Miller, H.C., Channon, K.M., McClurg, A.E., et al. (2009).
CCL11 blocks IL-4 and GM-CSF signaling in hematopoietic cells and hinders
dendritic cell differentiation via suppressor of cytokine signaling expression.
J. Leukoc. Biol. 85, 289–297.
Takahashi, Y., Carpino, N., Cross, J.C., Torres, M., Parganas, E., and Ihle, J.N.
(2003). SOCS3: an essential regulator of LIF receptor signaling in trophoblast
giant cell differentiation. EMBO J. 22, 372–384.
Tanaka, K., Ichiyama, K., Hashimoto, M., Yoshida, H., Takimoto, T., Takaesu,
G., Torisu, T., Hanada, T., Yasukawa, H., Fukuyama, S., et al. (2008). Loss of
suppressor of cytokine signaling 1 in helper T cells leads to defective Th17
differentiation by enhancing antagonistic effects of IFN-gamma on STAT3
and Smads. J. Immunol. 180, 3746–3756.
Tannahill, G.M., Elliott, J., Barry, A.C., Hibbert, L., Cacalano, N.A., and
Johnston, J.A. (2005). SOCS2 can enhance interleukin-2 (IL-2) and IL-3
signaling by accelerating SOCS3 degradation. Mol. Cell. Biol. 25, 9115–9126.
Wang, Y., Kissenpfennig, A., Mingueneau, M., Richelme, S., Perrin, P.,
Chevrier, S., Genton, C., Lucas, B., DiSanto, J.P., Acha-Orbea, H., et al.
(2008). Th2 lymphoproliferative disorder of LatY136F mutant mice unfolds
independently of TCR-MHC engagement and is insensitive to the action of
Foxp3+ regulatory T cells. J. Immunol. 180, 1565–1575.
Wang, Y.C., He, F., Feng, F., Liu, X.W., Dong, G.Y., Qin, H.Y., Hu, X.B., Zheng,
M.H., Liang, L., Feng, L., et al. (2010). Notch signaling determines the M1
versus M2 polarization of macrophages in antitumor immune responses.
Cancer Res. 70, 4840–4849.R
ET
R
A
78 Immunity 38, 66–78, January 24, 2013 ª2013 Elsevier Inc.Whitmarsh, R.J., Gray, C.M., Gregg, B., Christian, D.A., May, M.J., Murray,
P.J., and Hunter, C.A. (2011). A critical role for SOCS3 in innate resistance
to Toxoplasma gondii. Cell Host Microbe 10, 224–236.
Yasukawa, H., Ohishi, M., Mori, H., Murakami, M., Chinen, T., Aki, D., Hanada,
T., Takeda, K., Akira, S., Hoshijima, M., et al. (2003). IL-6 induces an
anti-inflammatory response in the absence of SOCS3 in macrophages. Nat.
Immunol. 4, 551–556.
Yoshimura, A. (2009). Regulation of cytokine signaling by the SOCS and Spred
family proteins. Keio J. Med. 58, 73–83.
Yoshimura, A., Ohishi, H.M., Aki, D., and Hanada, T. (2004). Regulation of TLR
signaling and inflammation by SOCS family proteins. J. Leukoc. Biol. 75,
422–427.
Yu, H., Pardoll, D., and Jove, R. (2009). STATs in cancer inflammation and
immunity: a leading role for STAT3. Nat. Rev. Cancer 9, 798–809.
Zhao, J., Zhang, T., He, H., and Xie, Y. (2010). Interleukin-2 inhibits polarization
to T helper type 1 cells and prevents mouse acute graft-versus-host disease
through up-regulating suppressors of cytokine signalling-3 expression of naive
CD4+ T cells. Clin. Exp. Immunol. 160, 479–488.
Zheng, Z.M., and Specter, S. (1996). Dynamic production of tumour necrosis
factor-alpha (TNF-alpha) messenger RNA, intracellular and extracellular
TNF-alpha bymurinemacrophages and possible associationwith protein tyro-
sine phosphorylation of STAT1 alpha and ERK2 as an early signal. Immunology
87, 544–550.
Zhu, J., and Paul, W.E. (2010). Peripheral CD4+ T-cell differentiation regulated
by networks of cytokines and transcription factors. Immunol. Rev. 238,
247–262.
C
TE
D
